Cell spreading and migration are regulated in a Rho family GTPase-dependent manner by growth factors and integrin-mediated cell-extracellular matrix (ECM) interactions. The molecular mechanisms involved in the ECM-and growth factor-mediated activation of these small GTPases remain unclear. In the present study, we demonstrate that integrin-linked kinase (ILK), which is a focal adhesion protein activated by both ECM and growth factors, is required for the activation of Rac and Cdc42 in epithelial cells. Ectopic expression of active ILK in mammary epithelial cells induces dramatic reorganization of the actin cytoskeleton and promotes rapid cell spreading on fibronectin. These effects are associated with constitutive activation of both Rac and Cdc42, but not Rho. The use of ILK siRNA or small molecule inhibitors to inhibit ILK expression and kinase activity, respectively, results in diminished cell spreading and actin cytoskeleton reorganization, concomitant with a reduction in Rac and Cdc42 activation. Studies into the mechanism of ILK-mediated Rac activation suggest an important role for the ILK-b-parvin interaction and the activity of the Rac/Cdc42-specific guanine nucleotide exchange factor a-PIX downstream of ILK. Taken together, these data demonstrate an essential role of ILK kinase activity in Rac-and Cdc42-mediated actin cytoskeleton reorganization in epithelial cells, further solidifying a role for ILK in the regulation of cancer cell motility and invasiveness.
Introduction
The integrin family of cell adhesion receptors mediates cellular contacts to the extracellular matrix (ECM).
Upon ECM engagement, actin filaments and a large number of signaling proteins are recruited to the cytoplasmic domain of integrins in a process that is essential for establishing cell polarity, maintaining cell growth and survival as well as directing cell migration (reviewed in Brakebusch and Fassler, 2003; DeMali et al., 2003) . One key signaling component downstream of integrin engagement is integrin-linked kinase (ILK) (Hannigan et al., 2005) . ILK is a PI3-kinase-dependent, serine/threonine protein kinase that interacts with the cytoplasmic domains of both b1 and b3 integrins Delcommenne et al., 1998) . ILK is a modular protein consisting of four aminoterminal ankyrin repeats followed by a pleckstrin homology (PH)-like domain and a protein kinase catalytic domain near its carboxyl-terminus. The interaction of ILK with b1 and b3 integrins occurs through its carboxyl-terminus , whereas its ankyrin repeats mediate binding to proteins such as PINCH (Tu et al., 1999) . The ILK-PINCH interaction, in addition to localizing ILK to focal adhesions, potentially links ILK to growth factor receptor signaling via PINCH's interaction with the adaptor protein, Nck-2 (Tu et al., 1998) . Thus, ILK couples integrins and growth factor receptors to a variety of downstream signaling events that result in cell adhesion, proliferation, migration, differentiation and survival (reviewed in Dedhar and Hannigan, 1996; Dedhar, 1999 Dedhar, , 2000 Dedhar et al., 1999; Wu and Dedhar, 2001; Hannigan et al., 2005) .
A majority of recent work on ILK has centered on its involvement in Akt/PKB (herein referred to as Akt) and glycogen synthase kinase-3 (GSK-3) signaling. It is well established that stimulation of ILK after exposure of cells to soluble factors or fibronectin results in the activation of Akt and inhibition of GSK-3 (Delcommenne et al., 1998; Persad et al., 2000; Attwell et al., 2003) . However, in addition to regulating Akt and GSK-3 activities, the expression of ILK in epithelial cells results in a striking change in cellular morphology Somasiri et al., 2001) , which is thought to occur via reorganization of the actin cytoskeleton. Recent investigations utilizing knockout mice have substantiated this hypothesis. Specifically, the genetic deletion of ILK resulted in early embryonic lethality due to defects in epiblast polarization whereby F-actin was abnormally accumulated at integrin attachment sites . In addition, fibroblasts isolated from these knockout mice also demonstrated impaired cell spreading and focal adhesion formation. In other work, genetic knockout of ILK in chondrocytes causes defects in cell proliferation, adhesion and spreading resulting in chondrodysplasia Terpstra et al., 2003) .
The discovery of numerous ILK-binding proteins that signal directly or indirectly to alter the actin cytoskeleton offers insight into the molecular mechanism for this morphological alteration. These proteins include paxillin Turner, 2001, 2002) , PINCH Wu, 1999; Tu et al., 1999; Velyvis et al., 2001; Zhang et al., 2002a; Fukuda et al., 2003) and the calponin homology (CH) domain-containing actin binding proteins a-parvin/CH-ILKBP/actopaxin (herein referred to as a-parvin) (Tu et al., 2001 ) and b-parvin/ affixin (herein referred to as b-parvin) (Yamaji et al., 2001) . These protein-protein interactions provide a framework for the formation of ILK signaling complexes that couple integrins and growth factor receptors to the regulation of actin cytoskeletal dynamics (Wu and Dedhar, 2001) . Of particular interest is the finding that b-parvin interacts with the guanine nucleotide exchange factor a-PIX (Rosenberger et al., 2003) , and this interaction is mediated by the first CH domain of bparvin . This finding thus provides a potential molecular connection between the activation of ILK (via integrins or growth factor receptors) and modulation of the actin cytoskeleton (via the Rho family of small GTPases). Subsequent studies have established that, in epithelial cells, the expression of the first CH domain of b-parvin alone is sufficient to cause a change in cell morphology directly related to a dramatic reorganization of the actin cytoskeleton . This change in cytoskeletal architecture was suggested to occur through b-parvin-induced activation of a-PIX, resulting in the activation of the Rac and Cdc42 GTPases. Recent work has also established that the second CH domain of b-parvin, which contains the ILK binding region, interacts with a-actinin . This interaction occurs in an ILK activitydependent manner, providing yet another mechanistic link between ILK signaling and modulation of the actin cytoskeleton.
The Rho GTPases, comprised of Rac, Cdc42 and Rho, are guanine nucleotide binding proteins that cycle between an active, GTP-bound and inactive, GDPbound state (reviewed in Lozano et al., 2003) . Activated Rho GTPases bind to various effector molecules that elicit downstream responses. In addition to other cellular phenomena, studies have demonstrated a critical role for Rac, Cdc42 and Rho in the reorganization of the actin cytoskeleton in cell migration (Raftopoulou and Hall, 2004) . Briefly, Rac regulates the formation of membrane ruffles (lamellipodia) at the leading edge of migrating cells, whereas Cdc42 regulates formation of membrane projections (filopodia). These structures are important for forward cellular movement and for dictating the polarity of cell migration, respectively. Rho, on the other hand, generates cell tension via stress fiber formation, leading to rounding of the cell body.
We have recently established that ILK is required for the migration of epithelial and endothelial cells (Attwell et al., 2003; Tan et al., 2004) . Because of the importance of actin cytoskeleton reorganization during cell migration, and the importance of the Rho GTPases for cytoskeletal architecture, it is tempting to speculate that ILK may modulate the activity of Rho GTPases, thus providing a plausible mechanism to explain the effect of ILK on both actin filament modulation and cell motility.
In the present report, we have directly analysed the role that ILK plays in the reorganization of the actin cytoskeleton as well as the activation status of the Rho GTPases. We show that ILK expression in epithelial cells dramatically alters the architecture of the actin cytoskeleton, which is coupled with a constitutive activation of both Rac and Cdc42. These effects are reversible upon loss of ILK protein expression as well as inhibition of its intrinsic kinase activity. We also find that the kinase activity of ILK is important for the formation of a complex between b-parvin and a-PIX. Mechanistically, the guanine nucleotide exchange activity of a-PIX plays an indispensable role downstream of ILK, facilitating the activation of Rac and Cdc42 and leading ultimately to the reorganization of the actin cytoskeleton.
Results

ILK expression enhances cell spreading and causes reorganization of the actin cytoskeleton
Our laboratory has shown that the stable, ectopic expression of WT ILK in a variety of epithelial cells causes a dramatic change in cellular morphology Somasiri et al., 2001) . Much of this change in architecture has been attributed to the loss of E-cadherin expression upon ILK activation Tan et al., 2001; Oloumi et al., 2004) ; however, there has been little investigation of the effect of ILK on the actin cytoskeleton. For our analyses, we have utilized previously established scp2 mouse mammary epithelial cell lines stably transfected with ILK either in the sense or the antisense (ILK 14-1) orientation (Novak et al., 1998) . Previous studies using these cell lines have demonstrated that the level of ILK protein in the ILK 13-8 cells is high, while the levels in the ILK 14-1 cells are low, but comparable with the endogenous ILK expression found in the parental scp2 cell line (Novak et al., 1998; Somasiri et al., 2001) . Additionally, it is known that the ectopic expression of WT ILK in the ILK 13-8 cells causes marked changes in both cell signaling properties as well as morphological changes, which are attributed to the elevated ILK activity in the ILK 13-8 cells. To demonstrate that the ILK 13-8 cells have elevated ILK activity, we analysed Akt Ser-473 phosphorylation, an event downstream of ILK activation (Delcommenne et al., 1998; Persad et al., 2000 Persad et al., , 2001 Troussard et al., 2003) . As shown in Figure 1a , the level of activated Akt in the ILK 13-8 cells is substantially higher than in the control ILK 14-1 cells, demonstrating that ILK activity is elevated in the ILK 13-8 cell line, as has been previously shown .
To test the effect of constitutive ILK activation on the actin cytoskeleton, both ILK 14-1 and ILK 13-8 cells (in either serum-free or serum-containing media) were detached and replated on fibronectin-coated coverslips for various times. When WT ILK is ectopically expressed in scp2 cells, there is a marked difference in both cell spreading and actin cytoskeleton architecture upon adhesion to fibronectin after 1 h, regardless of whether serum is present or not (Figures 1b and c) . In the presence of serum, the ILK 13-8 cells have a large number of prominent actin-rich projections that are absent in the control ILK 14-1 cells. Even after 4 h, these extensive actin-rich projections are still absent in the control ILK 14-1 cells, suggesting that elevated ILK activity is sufficient to cause modulation of the actin cytoskeleton. Interestingly, this same cell morphology change occurs in IEC-18 rat intestinal epithelial cells that ectopically express WT ILK .
To further demonstrate the effect of ILK in altering the actin cytoskeleton in the ILK 13-8 cells, we have utilized small interfering RNA (siRNA) specifically engineered toward ILK (Attwell et al., 2003; Troussard et al., 2003; Tan et al., 2004) . It is important to note that the siRNA that we have chosen targets ILK from both mouse and human. Thus, in the ILK 13-8 cells, both the endogenous ILK (mouse) and exogenous ILK (human) is being targeted for knockdown. As shown in Figure 2a , at 4 days post-transfection, ILK expression is markedly decreased upon ILK siRNA treatment of the ILK 13-8 cells. When these cells are detached and replated on fibronectin-coated coverslips, there is a noticeable difference in cell spreading on fibronectin between the control siRNA-and ILK siRNA-treated ILK 13-8 cells ( Figure 2b ). After only 1 h, nearly all of the cells transfected with control siRNA have spread, whereas the cells transfected with ILK siRNA are not as prominently spread. In addition to differences in cell spreading, the ILK siRNA-treated cells also display a significant decrease in the number and size of actin-rich projections compared to the control siRNA-treated cells.
ILK expression enhances cell spreading and causes reorganization of the actin cytoskeleton via Rac and Cdc42
It is well established that regulation of the actin cytoskeleton in response to adhesion on fibronectin is controlled initially by members of the Rho family of GTPases (Hall and Nobes, 2000; Etienne-Manneville and Hall, 2002) . Although Rho does play a key role in the overall spreading of cells, it is Rac and Cdc42 that respond initially to fibronectin adhesion (Price et al., 1998) . The finding in Figure 2 that ILK expression is important for the pronounced early cell spreading response to fibronectin adhesion suggests that ILK may utilize Rac or Cdc42 to mediate reorganization of the actin cytoskeleton. To test whether Rac or Cdc42 play a role in the cytoskeletal reorganization in response to elevated ILK activity, we transfected the ILK 13-8 cells with either WT or N17 mutant constructs of Rac or Cdc42 prior to replating the cells on fibronectin. It has been shown previously that expression of these dominant negative proteins inhibits Rac-and Cdc42-dependent cell spreading resulting in a rounded cell morphology (Clark et al., 1998; Price et al., 1998) . When the ILK 13-8 cells express either N17 Rac (Figure 3a ) or N17 Cdc42 (Figure 3b ), there is a robust inhibition of the cell spreading phenotype, whereas the transfection of either WT Rac or Cdc42 does not impair the pronounced cell spreading phenotype. Interestingly, in the ILK 13-8 cells that express the dominant negative mutants, there is very little cell spreading even after 4 h, whereas most of the untransfected ILK 13-8 cells are able to spread after only 1 h (data not shown). These data demonstrate that the elevated ILK activity in the ILK 13-8 cells results in a substantial restructuring of the actin cytoskeleton in a Rac-or Cdc42-dependent manner.
Figure 3 ILK regulates cell spreading and actin cytoskeleton dynamics through Rac and Cdc42. scp2 cells stably expressing WT ILK (ILK 13-8) were transfected with WT Rac1, and N17 Rac1 (a) or WT Cdc42 and N17 Cdc42 (b) as described in Materials and methods. The cells were then replated on fibronectin-coated coverslips for 4 h. Exogenously expressed Myc-tagged Rac or Cdc42 proteins were detected using a MycTag antibody and FITC-conjugated anti-mouse IgG, whereas polymerized actin was detected with TRITCconjugated phalloidin as described in Materials and methods. Cells that expressed N17 Rac or Cdc42 are indicated with arrowheads. Images were acquired using Â 40 magnification (scale bar represents 50 mm)
ILK expression potentiates Rac and Cdc42 activation
The involvement of both Rac and Cdc42 in the ILKinduced rearrangement of the actin cytoskeleton led us to hypothesize that stable expression of WT ILK may be sufficient to activate these GTPases. To test this hypothesis, stably adherent ILK 14-1 or 13-8 cells were assayed for the activation status of Rac, Cdc42 and Rho using established pulldown assays (Benard et al., 1999; Ren et al., 1999) . As shown in Figure 4a , the stable expression of WT ILK causes a dramatic increase in the activation of both Rac and Cdc42, whereas it does not have an effect on Rho activation. To ensure that Rho activation could in fact be assayed, we loaded both ILK 14-1 and ILK 13-8 cell lysates with either GDP or a nonhydrolysable GTP analog (GTPgS). As shown in Figure 4b , upon GDP loading, there is very little activated Rho present in either cell lysate compared to the prominent increase in the amount of activated Rho upon GTPgS loading. To demonstrate that the Rac and Cdc42 in the ILK 14-1 cells could be activated, both the ILK 14-1 and ILK 13-8 cells were exposed to plateletderived growth factor (PDGF) prior to analysis of Rac and Cdc42 activation. Although it is well known that PDGF potently stimulates Rac activity (Anton et al., 2003) , there have also been recent reports linking PDGF stimulation with the activation of Cdc42 (Jimenez et al., 2000) . As shown in Figure 4c , the control ILK 14-1 cells demonstrate a robust PDGF-mediated increase in the activation of both Rac and Cdc42. Interestingly, the basal activation of both Rac and Cdc42 in the ILK 13-8 cells cannot be stimulated further with PDGF treatment, indicating that elevated ILK activity is sufficient to fully activate both Rac and Cdc42 in these cells ( Figure 4c ). We next wanted to correlate the ILK siRNAdependent reversion of the ILK 13-8 cells to the more parental phenotype of the ILK 14-1 cells (see Figure 2 ) with an alteration in the high basal activities of both Rac and Cdc42. As shown in Figure 4d , there is a decrease in the amount of both activated Rac and Cdc42 in the ILK siRNA-treated ILK 13-8 cells compared to the control
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Total Rac HEK 293 cells were transfected as above with 100 nM of either control siRNA or ILK siRNA. At 4 days post-transfection, the serumstarved cells were replated on fibronectin for 30 min prior to analysis of the activation of Rac as described above. For each pulldown assay, the upper panel is a representative immunoblot (from three independent experiments) of the protein that was sedimented by the GST-PBD beads (Rac-GTP or Cdc42-GTP) or GST-RBD beads (Rho-GTP) after incubation with lysates from either ILK 14-1 cells or ILK 13-8 cells. The lower panel is a representative immunoblot (from three independent experiments) of the corresponding cell lysates that act as loading controls for each assay. In panels d and e, ILK expression was analysed by immunoblot on a 25 mg sample of each whole-cell lysate siRNA-treated cells. There is still a trace amount of activated Rac and Cdc42 in the ILK siRNA-treated cells, suggesting that ILK expression has not been completely ablated in these cells. This is further substantiated by the fact that some cells could still spread on fibronectin after 1 h in the ILK siRNAtreated cells (see Figure 2) . Although the ILK 13-8 cells have a stable elevated basal level of Rac activation, we wanted to examine the effect of ILK siRNA on Rac activation in response to fibronectin adhesion. It is well established that Rac can be activated in response to cell adhesion onto ECM protein-coated surfaces such as collagen I (Zhang et al., 2004) and fibronectin (Price et al., 1998; del Pozo et al., 2000) . For this analysis, we utilized HEK 293 cells replated onto fibronectin for 30 min, which is known to cause ILK activation . As shown in Figure 4e , when control siRNA-treated HEK 293 cells are replated onto fibronectin, there is a substantial amount of activated Rac. However, in cells that have been treated with ILK siRNA, the amount of Rac activation is significantly decreased even though the cells have been replated onto fibronectin.
The kinase activity of ILK is required for Rac activation
In addition to modulation of ILK expression levels, we also wanted to examine the contribution of ILK kinase activity toward Rac activation. Our laboratory has previously characterized a small molecule inhibitor of ILK kinase activity (KP-392, formerly called KP-SD1). This highly selective ILK inhibitor is able to reduce the phosphorylation of ILK substrates such as GSK-3 and Akt (Persad et al., 2000 (Persad et al., , 2001 Mills et al., 2003; Tan et al., 2004) . Additionally, our laboratory has demonstrated that treatment of cells with KP-392 results in decreased cell motility (Attwell et al., 2003; Tan et al., 2004) , a process that is heavily influenced by the activation status of the Rho family of GTPases (Ridley et al., 2003) . When the ILK 13-8 cells were pretreated with KP-392 (Figure 5a ), there is a dose-dependent reduction in Rac activation (B65% inhibition) at concentrations previously described to inhibit ILK activity (Persad et al., 2001; Attwell et al., 2003; Mills et al., 2003; Tan et al., 2004) . As expected, KP-392 treatment of these cells causes a substantial decrease (B90% inhibition) in the phosphorylation and activation of Akt (Figure 5a ), suggesting that Rac, much like Akt, is activated in an ILK activity-dependent manner. To compliment our studies using cells that stably express WT ILK as an activating mechanism (ILK 13-8 cells), we have utilized two other independent cell lines. It has been previously established that PTEN negatively regulates Rac activity in various cell lines (Liliental et al., 2000; Higuchi et al., 2001) . To this end, we have used the PTEN-null PC3 prostate cancer cell line, which has high basal Rac activity (Figure 5b, lane 1) , in addition to constitutive activation of ILK as described previously (Persad et al., 2000) . As shown in Figure 5b , when these cells are treated with KP-392, the high basal Rac activation is substantially reduced in a dose- At 24 h posttransfection, the cells were analysed for Rac activation as described above. Exogenously expressed ILK was assessed by immunoblot using a V5 antibody (25 mg of whole-cell lysate/lane). For each pulldown assay, the upper panel is a representative immunoblot (from three independent experiments) of the protein that was sedimented by the GST-PBD beads (Rac-GTP) after incubation with lysates from the KP-392-treated or dominant negative transfected ILK 13-8 cells. The lower panel is a representative immunoblot (from three independent experiments) of the corresponding cell lysates that act as loading controls for each assay when cells treated with KP-392 are replated on fibronectin, the amount of activated Rac substantially decreased.
To further establish the role that the kinase activity of ILK plays in Rac activation, we have utilized two distinct dominant negative ILK mutants (E359K and K220A) that have significantly reduced kinase activity (Persad et al., 2001) . Additionally, the E359K ILK mutant is unable to bind to b-parvin (Yamaji et al., 2001) . Upon transfection of these mutants into ILK 13-8 cells, there is a potent reduction in the normally robust basal levels of activated Rac (Figure 5d ). This is similar to the effect that KP-392 has on these cells and their ability to activate Rac, suggesting that inhibition of ILK activity either by pharmacological agents or transfection of dominant negative constructs results in the same reduction in Rac activation. Interestingly, the expression of these dominant negative ILK mutants does not result in a marked change in cell morphology (data not shown), suggesting that other ILK-independent mechanisms exist. It also demonstrates that ILK activity is necessary for the regulation of Rac and Cdc42, but it is not sufficient in these cells to fully facilitate cell spreading.
The activity of a-PIX is important for ILK-induced cell spreading and Rac activation
As mentioned previously, the ILK binding protein b-parvin is able to interact with the Rac/Cdc42-specific guanine nucleotide exchange factor, a-PIX (Rosenberger et al., 2003; Mishima et al., 2004) . To test whether the activity of a-PIX is important in the actin cytoskeletal reorganization in response to elevated ILK activity, we transfected the ILK 13-8 cells with either WT a-PIX or a mutant a-PIX that lacks guanine nucleotide exchange activity (LL a-PIX). When these cells are replated onto fibronectin-coated coverslips, the LL a-PIX-expressing cells demonstrate a profound inhibition of cell spreading compared to untransfected cells or cells expressing WT a-PIX (Figure 6a ). In addition to the loss of cell spreading and actin cytoskeleton reorganization upon LL a-PIX expression, these cells also displayed a dramatic reduction in the high basal levels of activated Figure 6 The guanine nucleotide exchange activity of a-PIX is important for ILK-mediated cell spreading and Rac activation. scp2 cells stably expressing WT ILK (ILK 13-8) were transiently transfected with either WT a-PIX or a-PIX lacking guanine nucleotide exchange activity (LL a-PIX) as described in Materials and methods. (a) The cells were then replated onto fibronectin-coated coverslips for 4 h. The epitope-tagged proteins were detected using an anti-HA monoclonal antibody (WT a-PIX), a MycTag monoclonal antibody (LL a-PIX) and an FITC-conjugated anti-mouse IgG, whereas polymerized actin was detected with TRITC-conjugated phalloidin as described in Materials and methods. Cells that express either WT a-PIX or LL a-PIX are indicated with arrowheads. Images were acquired using Â 40 magnification (scale bar represents 50 mm). (b) The transiently transfected ILK 13-8 cells were also subjected to PBD-GST pulldown assays to assess Rac activity. The upper panel is a representative immunoblot (from three independent experiments) of the protein that was sedimented by the GST-PBD beads and the lower panel is a representative immunoblot (from three independent experiments) of the corresponding cell lysates that act as loading controls for each assay. LL a-PIX expression was confirmed by immunoblot with a MycTag antibody (25 mg whole-cell lysate/lane) Rac compared to control-transfected cells (Figure 6b ). These data demonstrate that a-PIX activity is critical for the ILK-induced activation of Rac and the restructuring of the actin cytoskeleton in the ILK 13-8 cells.
Dominant negative mutants of ILK decrease the formation of a tripartite complex with b-parvin and a-PIX
Previously published work has demonstrated that complexes are formed between ILK and b-parvin (Yamaji et al., 2001) as well as between b-parvin and a-PIX (Rosenberger et al., 2003; Mishima et al., 2004) . Our findings that the activities of both ILK ( Figure 5 ) and a-PIX (Figure 6 ) are important for the ILKmediated activation of Rac prompted us to assess what effect dominant negative ILK (E359K) would have on complex formation between ILK, b-parvin and a-PIX. As shown in Figure 7 , when WT ILK is coexpressed with b-parvin and a-PIX, the proteins form a tripartite complex. Interestingly, when dominant negative ILK mutants (E359K or K220A) are coexpressed with bparvin and a-PIX, the complex between ILK and bparvin is abolished; however, there is no reduction in the complex formed between b-parvin and a-PIX. Because the complex between b-parvin and a-PIX is constitutively formed and is not regulated by either the presence or absence of ILK (vector vs WT ILK) or its kinase activity (WT ILK vs dominant negative ILK mutants), it suggests that ILK may modulate the activity of a-PIX indirectly through its binding to and phosphorylation of b-parvin. Interestingly, it has been previously shown that a K220M mutation of ILK does not inhibit the binding of ILK to b-parvin (Yamaji et al., 2001) . This is in contrast to our finding that a K220A mutant of ILK does not interact with b-parvin. Although both of these mutants lack kinase activity, perhaps this binding discrepancy is due to the different mutations placing ILK in alternate conformations that can interact differentially with b-parvin. The elucidation of the crystal structure of ILK will be necessary in order to prove this hypothesis.
Discussion
Previous work has demonstrated that stable, ectopic expression of WT ILK in epithelial cells causes a dramatic change in the shape of the cells into a more mesenchymal, fibroblast-like morphology Somasiri et al., 2001) . Even though the mechanism of this morphological change was not delineated in these past reports, it has been hypothesized that ILK-dependent downregulation of E-cadherin levels may play a key role by significantly decreasing cell-cell contacts (Oloumi et al., 2004) . However, it seemed unlikely that the morphological change of cells stably expressing WT ILK is entirely due to E-cadherin downregulation and dissolution of cell-cell contacts. Given the rather substantial contribution of the actin cytoskeleton to cell shape, it seemed like a logical structural system for ILK to regulate, which would cause these wide spread changes. Of interest, ILK has been linked to early cell spreading events (Tu et al., 1999 (Tu et al., , 2001 Yamaji et al., 2001; Zhang et al., 2002aÀc; Chun et al., 2003; Fukuda et al., 2003) , and the regulation and organization of the actin cytoskeleton (Zervas et al., 2001; Mackinnon et al., 2002; Terpstra et al., 2003; Grashoff et al., 2003; Sakai et al., 2003) ; however, a mechanism of action for these processes has not yet been presented. Further evidence suggesting that ILK may regulate actin cytoskeletal structure comes from recent work in our laboratory demonstrating a key role for ILK in promoting cell motility and invasion (Attwell et al., 2003; Tan et al., 2004) . It is well established that the Rho family of GTPases can control cell spreading and motility; thus, we wanted to assess whether this family of proteins could mediate the ILKdependent modulation of cell spreading and migration.
In the present report, we show a critical role for ILK in the early events of cell attachment and spreading resulting from a dramatic reorganization of the actin cytoskeleton. We also demonstrate that ILK is a key player in this cytoskeletal reorganization by virtue of its ability to activate the small GTPases, Rac and Cdc42 via the guanine nucleotide exchange activity of a-PIX.
The first noticeable change upon the stable expression of WT ILK in epithelial cells was that the ILK 13-8 cells rapidly adhered to fibronectin. While the ILK 13-8 cells had adhered and begun to spread extensively after only 30 min, the control ILK 14-1 cells were just beginning to adhere (NRFilipenko, unpublished observations). Interestingly, even though siRNA-mediated knockdown of ILK expression in the ILK 13-8 cells only slightly affects adhesion to fibronectin, there is a pronounced effect on cell spreading after 1 h. Even after 4 h, the ILK siRNAtreated ILK 13-8 cells were unable to fully spread to the extent as the control siRNA, further demonstrating an important role for ILK in cell spreading. The more pronounced spreading of the ILK 13-8 cells caused a dramatic reorganization of the actin cytoskeleton resulting in the production of numerous actin-rich, membranous projections resembling lamellipodia and filopodia. Although the control ILK 14-1 cells eventually adhered and spread on fibronectin, they did not form these extensive projections. When ILK expression was knocked down in the ILK 13-8 cells, these projections were not as prominent, which suggests that loss of ILK expression in ILK 13-8 cells causes a reversion to a phenotype resembling the ILK 14-1 cells. The above findings demonstrated that the stable expression of WT ILK in the ILK 13-8 cells contributed to the early events of cell adhesion and spreading on fibronectin. It has been previously shown that ILK is activated by fibronectin adhesion (Delcommenne et al., 1998; Attwell et al., 2000) ; however, this activation step may be bypassed in the ILK 13-8 cells allowing them to more rapidly adhere than the control ILK 14-1 cells (where ILK activation is under tighter control). These data demonstrate that the elevated ILK activity in the ILK 13-8 cells, in addition to causing the previously reported downregulation of E-cadherin expression, could also cause an adhesion-dependent remodeling of the actin cytoskeleton.
The involvement of ILK in the early stages of cell spreading suggested that ILK might be involved in the Rho family GTPase cascade of actin cytoskeleton modulation. The use of dominant negative constructs confirmed that the enhanced fibronectin-induced cell spreading and formation of actin-rich projections due to the stable expression of ILK in the ILK 13-8 cells was occurring through the activation of Rac and Cdc42. When these cells have been plated on fibronectin for 4 h, they are still unable to spread, suggesting that the extensive spreading of the ILK 13-8 cells on fibronectin is dependent upon Rac and Cdc42 activation. The use of pulldown assays on stably adherent cells further confirmed that the elevated ILK activity in the ILK 13-8 cells results in a constitutive activation of both Rac and Cdc42, whereas Rho activation was not affected. This is not surprising given the fact that Rac and Cdc42 are involved in the early stages of cell spreading (Price et al., 1998; Hall and Nobes, 2000) , whereas Rho is typically associated with the later stages of cell spreading via its regulation of stress fiber formation (Ren et al., 1999; Arthur et al., 2002) . Rac and Cdc42 activation was dramatically reduced in stably adherent cells upon siRNA-mediated knockdown of ILK expression, further complimenting our data of the ILK dependence in cell spreading.
Our results show that the activation of Rac is dependent not only on the expression of ILK, but also its kinase activity. This was demonstrated through the use of dominant negative mutants of ILK lacking kinase activity (Persad et al., 2001) or an ILK-specific small molecule (KP-392) inhibitor. This was confirmed in a variety of cell types and demonstrates that Rac activation, whether it is stimulated by stable ILK expression, integrin engagement, growth factor stimulation or PTEN pathway inactivation, is susceptible to inhibition by the perturbation of either ILK expression or its intrinsic kinase activity.
Our demonstration that constitutive ILK activation stimulates Rac and Cdc42 activation in stably adherent cells is not surprising given recent work involving the ILK-binding protein, b-parvin. The interaction between b-parvin and a-PIX (Rosenberger et al., 2003) has led to the hypothesis that ILK recruits and subsequently activates a-PIX (via b-parvin binding), thus providing a mechanism for ILK-dependent Rac/Cdc42 activation and cytoskeletal reorganization. Our results suggest that this may be the case, as a-PIX lacking guanine nucleotide exchange activity is able to inhibit ILKinduced Rac activation (via pulldown assays) and actin cytoskeleton reorganization in response to replating the ILK 13-8 cells on fibronectin. Recently published work has demonstrated a key role for a-PIX in the regulation of cell spreading and production of cellular protrusions in both a guanine nucleotide exchange factor activitydependent and Àindependent manner (Rosenberger et al., 2005) . These authors found that the use of calpain inhibitors enabled the cells to form cell projections in the presence of the dominant negative a-PIX; however, in the absence of calpain inhibition, this mutant a-PIX abolished the formation of the extensive cell projections that were still produced upon transfection of WT a-PIX. Because we did not use calpain inhibitors in our studies, our finding that dominant negative a-PIX inhibits cytoskeletal remodeling in the ILK 13-8 cells is not all that surprising. Furthermore, the tripartite complex formed between ILK, b-parvin and a-PIX is dependent on the kinase activity of ILK, thus providing a mechanism of action for the ILK inhibitor, KP-392, in the inhibition of Rac activation downstream of elevated ILK activity. To further support our findings, when the amino-terminal CH domain of b-parvin alone is expressed in epithelial cells, there is a dramatic Rac-and Cdc42-dependent change in actin cytoskeletal architecture and cell spreading , an effect that resembles the effect of stable expression of WT ILK in epithelial cells. Interestingly, the expression of the carboxyl-terminal CH domain of b-parvin alone in epithelial cells causes the cells to assume a more rounded morphology (Yamaji et al., 2001) . Neither of these effects occurs when fulllength b-parvin is expressed, suggesting that b-parvin is normally kept in an inhibited state until the cell is appropriately stimulated. It is known that the carboxylterminal CH domain of b-parvin can be phosphorylated by ILK (Yamaji et al., 2001) , and that this phosphorylation is critical for full-length b-parvin to regulate the early events of cell spreading. Perhaps ILK plays a critical role in Rac and Cdc42 activation by binding to and phosphorylating b-parvin. This in turn may cause a conformational change in b-parvin allowing it to activate a-PIX resulting in increased guanine nucleotide exchange activity toward Rac and Cdc42.
Although our data suggest that b-parvin may be involved in the activation of both Rac and Cdc42, a recent report suggests otherwise (Zhang et al., 2004) . Interestingly, these authors showed that siRNA knock-down of ILK could reduce Rac activation in HeLa cells. These authors also utilized siRNA toward b-parvin, as well as overexpression of b-parvin, to demonstrate that there was no effect on Rac activation when b-parvin expression was altered. Even though these authors clearly show that b-parvin is altered in these cells, they did not analyse the effect of ILK activation on Rac activation when b-parvin expression was altered. It is well established that full-length b-parvin requires ILK activity in order to regulate cell spreading (Yamaji et al., 2001) ; thus, the above study may not have analysed bparvin in the proper cell signaling context. It was also shown recently that ILK binding to a-actinin required the activity of ILK , further demonstrating the need to analyse potential ILKbinding partners and their signaling pathways in the proper context. It is also noteworthy that while this manuscript was in review, a report was published demonstrating that ILK is able to mediate actin cytoskeletal rearrangements through the concerted actions of PI3-kinase, Akt and Rac1 (Qian et al., 2005) . The conclusions drawn from this recent work are very complimentary to the data presented in the present report and further demonstrate a key role for ILK in modulating the actin cytoskeleton through Rac activation. This regulation ultimately leads to the modulation of processes such as cell migration, a process that ILK is known to regulate (Attwell et al., 2003) .
Taken together, our data suggest that activation of a-PIX is dependent on ILK binding to b-parvin, an event that depends upon ILK activity. Thus, we present a model whereby ILK binding to b-parvin (and its subsequent phosphorylation) results in a conformational change in b-parvin. This conformational change may then relieve the normal inhibitory constraint on bparvin, allowing it to activate a-PIX. This a-PIX activation would then activate Rac and Cdc42 resulting in modulation of the actin cytoskeleton (Figure 8 ). This model, if correct, would explain how the elevated ILK activity in the ILK 13-8 cells could lead to the substantial increase in the basal levels of Rac and Cdc42 (due to the substrate specificity of a-PIX).
Additionally, this putative model suggests a mechanism of action of how inhibition of ILK activity by KP-392 or site-directed mutagenesis (E359K and K220A ILK) can result in the reduction of Rac activity, possibly through inhibition of b-parvin phosphorylation. Additionally, the finding that these dominant negative ILK mutants are unable to interact with b-parvin lends further credence to the above model.
Materials and methods
Cell culture
PC3 and HEK 293 cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum. scp2-control-transfected cells (ILK 14-1) or scp2 cells stably expressing active ILK (ILK 13-8) have been described previously (Somasiri et al., 2001) . The stably transfected cells were cultured in DMEM/F12 supplemented with 5% (v/v) fetal bovine serum, 10 mg/ml insulin and 100 mg/ml G418 to maintain selective pressure.
DNA constructs and transfections
Myc-tagged WT Rac, WT Cdc42, N17 Rac1 and N17 Cdc42 constructs were kindly provided by Dr Keith Burridge (University of North Carolina, Chapel Hill, NC, USA). The guanine nucleotide exchange-deficient a-PIX mutant (L383R, L384S -referred to as LL a-PIX) in the pCS2 þ -myc vector (Yoshii et al., 2001) was kindly provided by Dr Hurohiko Sugimura (Hamamatsu, Japan). The constructs for FLAGtagged b-parvin and HA-tagged WT a-PIX were kindly provided by Dr Kirsten Kutsche (Hamburg, Germany). The V5-tagged ILK constructs (WT, E359K and K220A) have been previously described (Attwell et al., 2003; Tan et al., 2004) . Unless otherwise indicated, cells were plated onto poly-L-lysine-coated tissue culture plates prior to transfection with LipofectAMINE 2000 reagent (Invitrogen) according to the manufacturer's recommendations.
Cell stimulation with fibronectin or PDGF
To assess the effect of integrin-mediated cell adhesion to fibronectin, tissue culture plates were precoated with 10 mg/ml fibronectin (Invitrogen) overnight at 41C with gentle agitation, followed by blocking of the plates with 2% (w/v) bovine serum albumin for 2 h at room temperature. Stably adherent cells were gently lifted from tissue culture plates with 5 mM EDTA-PBS, followed by replating for 30 min on the fibronectincoated plates. For PDGF stimulation, cells were starved with serum-free media for 16 h, followed by the addition of PDGF-BB (Roche) at a concentration of 10 ng/ml in fresh serum-free media for 5 min.
Treatment with ILK inhibitor
Cells were treated with 50 or 100 mM KP-392 (formerly KP-SD-1, QLT Inc., Vancouver, BC, Canada), a highly selective inhibitor of ILK activity (Persad et al., 2001) , for 16 h in serum-free media. An equivalent amount of vehicle control (dimethyl sulfoxide (DMSO)) was added to all control reactions.
Small Interfering RNA 
Immunofluorescence microscopy
Cells (1 Â 10 5 ) were plated on fibronectin-coated coverslips (BD Biosciences) for indicated times, followed by fixation for 10 min in 4% paraformaldehyde in PBS, pH 7.4. Fixed cells were then permeabilized with PBS þ 0.1% Triton X-100 for 10 min followed by blocking with PBS þ 10% normal goat serum (Sigma) for 30 min. A primary antibody that recognizes either the Myc epitope (monoclonal anti-MycTag, 1 : 200, Cell Signaling Technology) or the hemagglutinin (HA) epitope (monoclonal anti-HA, 1 : 200, Covance) was incubated on the coverslips for 1 h at room temperature. The Myc-or HAtagged proteins were then detected with anti-mouse fluorescein isothiocyanate (FITC)-conjugated secondary antibodies (Santa Cruz Biotechnology). To detect actin filaments, tetramethylrhodamine B isothiocyanate (TRITC)-conjugated phalloidin (Sigma) was diluted 1 : 100 in PBS, and incubated on the coverslips for 30 min at room temperature. The coverslips were mounted with Vectashield Mounting Medium (H-1000, Vector Laboratories Inc., Burlingame, CA, USA) and microscopy was performed on a Zeiss Axiovert 200 inverted microscope. Images were acquired with a Retiga 1300 cooled charge-coupled device camera (Q Imaging) and processed using Northern Eclipse software (Empix Imaging). All images were acquired using Â 40 magnification unless otherwise stated.
Immunoblots
Unless otherwise stated, cells were lysed for 30 min in NP-40 lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% (v/v) Nonidet P-40, 1 mM EDTA, Complete protease inhibitor cocktail (Roche), 1 mM sodium orthovanadate, and 5 mM sodium fluoride). After removal of cellular debris by centrifugation at 13 200 g for 10 min, the protein concentration of the lysate was determined using the Bio-Rad Protein Assay standardized to bovine serum albumin. The indicated amounts of cell lysate were resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto nitrocellulose membranes (Bio-Rad). The following primary antibodies were used at 1 : 1000 dilution unless otherwise noted: monoclonal anti-Rac, monoclonal anti-Cdc42, monoclonal anti-Rho (1 : 250), monoclonal anti-ILK, monoclonal anti-Akt1 (BD Biosciences); monoclonal anti-b-actin (1 : 5000), monoclonal anti-HA-HRP (1 : 2000), monoclonal anti-FLAG M2-HRP (1 : 2000, Sigma); rabbit polyclonal phospho-Ser 473 Akt, rabbit polyclonal anti-ILK, monoclonal anti-MycTag (Cell Signaling Technology); monoclonal anti-V5-HRP (1 : 2000, Invitrogen). Horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson Laboratories) were used at 1 : 5000 dilutions. Detection was carried out using an enhanced chemiluminescence detection system (Amersham Biosciences) or SuperSignal West Femto Maximum Sensitivity Substrate detection system (Pierce). Immunoblots were stripped and reprobed using Restore Western Blot Stripping Buffer (Pierce).
Immunoprecipitation
Cell lysates (500 mg) were precleared for 1 h by rotating the lysates with 25 ml of protein A/G PLUS-Agarose (Santa Cruz Biotechnology) at 41C. The precleared lysates were then incubated with 50 ml of a 50% (w/v) slurry of anti-FLAG M2-Agarose (Sigma) and rotated overnight at 41C. The immunoprecipitates were then washed three times with NP-40 lysis buffer, followed by boiling in SDS sample buffer without b-mercaptoethanol. The immunoprecipitates were resolved by SDS-PAGE and analysed by immunoblotting as described above. 
